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Thcrmmlynalll ics of the ‘1’antalum-Carbon-Chlorine IIyrlrogcn
Systcm Appliu(i to the CVD of Carbiclc/Carbon C!ompositc Materials*

l{obert G. Ik!hrens, 1,. 1{. Ncwkirk und ‘r’crqy C. Wallace
University of Califomiu, Los Alamos Scicntiflc laboratory

Los Alamos, Ncw ~lcxIco ti7545

Abstract

Complex equilibrium tk,(!rn]odynnm ic culculnt ions using the computer code

SO I,GASMIX-IJV wore pcrformd for the ‘1’a-C!l-11 tmrl T:I-C-CI-H systems in

order to ev:iludc the chemistry associated with thu chcm lcnl vupor dcpesition of

‘h, Tu2C. nnd TaC cm graphltc yarn an[l woven structures, Results of the

thermdynumic calculations were compurcd with c(mtml mutc!rlals pr~!purccl by

hydrogen rwluctirm of ‘1’u(!15(g) mml (’:,ll,;(K) bctw(x!n 10251; :In(l 12231{ using a

vuriety of rcuctkm gus (!nmpositlon~.

I. Intrortudlon
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which cannot be prepared ruadily by other tr!chniqucs [Iuc to the high tcmpcraturcs

rcc~uird in the prcpa rat icm. 1-0 In particular. CVD has been used sL.Icccssfully in

preparing superconducting’”~il and Scmiconrluctirrglz compounds, solar collector

und thin film alloys. l:!,11 and pr”tectiv~~ ~,~nting~ of 1,~.fract.nq~ metal carlJirlcS. oxirlcs,

boriflcs, an-l nitriftcs. lq+:~

The IIigh-Tempcrdure Group of the Chemistry and hl:ltc?rials Scicncc Division

of the Los Alamos Scientific T.aboratory (LAS].) h:ls been actively lnvolvcd in C\7D

research and development over the pust twenty five ycar~. Past and present work

has dcdt primarily with the CVD application of protective coatings on grcphite

substrates for use in high-tcmpcraturt’ cmvj r’onmr?r!s. Spccificully. piist work has

included the process development for C VL)coat,in~ d the coolant channels (2. 5 mm

cliam, x 1:120 mm longj of Rrwcr fuel clcmc!nts with NbC or ZrC1{l-:!t ml the CVD

coding of rocket-nozzl(! p~rts w :+~ co-dqmsitwl SiC and pyrogrnphlt(!. ‘~-~s Current

C\’ D research WICIrluvc!lopmcllt involves tllct pr[!par:dion of uniformly vapor

dcpositcrl muturiuls on tlw fil:lm~!nt:lly su rfiiccs of yam, Cloth , ,WlriW(IVcl: Struc’tu ma

for the ful)rication of hot-l)r(!nHcxi, fiber ruirrfo reed me 1:11or ruf ractoq’ compound

Compsit(!sa ‘!l;-:!”l%tcnlid :I})plIc:lt hms for !,11Jse nl:ltcrla~s iilclu[ic uFlc 111t]i~ll-t~’nlpcl’~ituru

( ,02001{),” eroslvc c!nvirf)rll]lcnts;~”l ‘:9 ligh::-w(’~ght armor. nnd IIght-wv!ghl

strudurul compon(’rils for t.hv US(I in hi gll-.:.umlpc’r:~i~lrl’ (17001{), o.xhllzlng

unvironmunts,

Wlll](’ u Cmr+I(kt?’fI!Jl(’ :Im(mnt of rlcslhm work hits b[wm pc rforrnrrt lit 1,AS[,

to (!Htul)llHh h’(!llnlqlu!s :Ird f)l’c)CUHS p:l r:lm(’t 1’1’s for unlform]y co:ltlng gr:lphltt’

fll:lmvlltu r-y UHHCtll!JlilLW!ll with tr:ln~itltm m{t.:il (!:I1”I)I(IUHOIm)rld(w, :in[l with

Hjllc!(m (’:lrl)j[l(’ Nllrl I)or(m (!:lrl)lt I(I, 110 p~lol” :Itt[’rll;)t W(IN m:i(l[’ to (’Vlll(lilt(’ th(’

(!h(’tnlrhry of thl! (’VI) l)r[NwHslw uHlnK tI(jnlplrx [I[lullll)rlutn tl)[’i.lllr~rlyn[llnlc

l!:~lcwhd.hmH. [turrlmt work involvlnjg th(! {’V1) ()[ L[mtulul]l ,Iml {rllltlllunl (’:irlllrltI

011gl’:lpl)jt(’ ~illYl 1111(1(!lot,ll illr)l’lg \VJt,l I tll(’ :il)~(mm’ of :1 (l(*i,llll L’(1111(’l”il)(l(!~ll:~ llli(’

illlillJfHj H of 11)(* ‘1’[1-i’]-11 ii]ltl ‘~[i~l’-(’]-l I .+~+lt[’tll~I)lt)l)l])t[’d IIH to (’ill (’U! ilt(8 t!l(’ (’\r 1]

l)]lil!4(’ ll~[l}~l”:lll)S roI- tl)t’l+[i H~’Ht(’l])H, ‘] ’t)(’ ,J1’(W(’llt P:lpl’1” IY’]N)I%S th(’ l“(WU]tH of th(}+I(’

(!iil(’\lliltlol)H tIHjII~ 11}(’ (!OI)I])](’X (’(~\I[[ I])l”llll!l (!I)!IL’ ~(1 I j(lASNllX- ]y. “1 l{ L’Htl]tH (If
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the Lhcrmoclmynamic calculations arc cump:lrwl with qmriments in which ‘I’s, TaC,

and Ta2C were dqmsltcd on grtiphitr yarn aml woven cloth iIs well iIs on other

substrates as reported in the lit.crnture.

II. Thcrmo(!hcmiwll Prop(irtics and Phase Diagrams

A. The Ta-C Systcrn.

‘1’hc phase diagram und thcrmochcrnical propctiics of the Ta-C systcm have

been revicwd by Storms, “z ‘1’[)th,‘]:1nnrl Schick, “4 There n re two intcrmcdinte

phases in this system - TaC and ‘l’iI,)(: - both of which cxhildt homogeneity r,nnges.
.

‘1’:i2C is bcli~~-~d csscntidly to Ix ii line compnuml hclow 17751< while TaC exists

between cpproximatcly nco 77 ,mrl‘l’QCl(I at 17751{. Iligh-tcmpcraturc
. ●

the rmwdynamic funct iolis for both TnC nnd Ta2(: htivc bwm tubulntcd by Schick:’”

aml more rt!ccntly rc!vicwml by Storms:’z and “Ibth. ‘1:’ Sch[(jk @VM V: I]UC!S of

~ ll~(2ilS. 15K) fur TK and RI,,C of -34. (i kcul mol-l nnd -47.2 l(~iil ITIO1-l
.

-1 -1
rcspcctivc~ while Toth srl(!ct~ viIIIIc!s of -:14, 1 kcnl mol und -49, s kcul mol

rcspcwtivcly,

11, The ‘h-cl l$ystorn,

‘l’hcsw nrc four knc)wn solid phasw In this HyHtcm: ‘1’,1(’15, ‘1’:1(’14, ‘I’u(”l:l,

lmd ‘rml
wl TuCl:,(s) iR r~!pf)rid to Imvc :1 rnn~r d llorml~~melty I)otwr[m,J, S“

TNC12 ~ Un(l ‘1’11(’l
:1. 1“

‘“: ‘1’UC12~ is IX!llW(’11to l)L’the low~wt Holirl ~!lllorl(lc wI)IL*I)

iR the~modynnmicully Htul)lv in t;)l’ Tn-(!l syf?tl!m.

Thcrmodynumic fund lonH for ‘1’u(’I~(H, 1) huvc~ 1)~’rnprr~~mtc(l In tlw J ANA II’

‘f’hcrmochernicul ‘M~loH.”~ ‘1’1)1’rmotlyn:lmic fund~on~ for ‘l’n~’id(h) :11)(1‘l’:l[’l:l(ti)

hllvc })(MJIIclllmlhlt(![i:’” : 1’0111 (!Htinlllt~l(! ]](’llt (![ip[l(’jt~ (i(l\l:ltlollH :IIId il!l (’~tjlllilt(’(1 \F:Ll(i(*

of S“(2!M. Ill K) rwortd @ Sc,hm’fcr uml K:lhltml JtIrK. ‘1:’ ‘I’1)l’ l’rllollyll[lll) l(! fulldlrmH
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for Ta(19 ~(s) were also calculated’ii: from estimatd heat capaci~ equations given

by Dark] -&d l<nacke.~”

Thermodynamic properties fo~: the gaseous molecules TaC15(g), TaC14(g),

TiiCl:l(g), Tac12(g), and ‘l’aCl(g) have bum rcccntiy rcvicwcd and evaluated. 1I

c. The C-11 and C-I-I-Cl Systems.

A review of the literature was made to dctcrrninc the ,norc thermodynamically

stable hy[lxmcarl)on and organic e510ri4e gaseous molecules. We selected C1f4(g),

and (:ll(.!l:l(g) for use in the thermodyn:lmic calcultitions. Thcrmoriynarnic

functions fur thusc mol~wul es huvc hen revicwccl h the ,JANA 1.’Thcrmochcmical

‘1’:lldw’:~ and in the cotr)l)ililtion of t.h~rt)]odynilmj~ did:l I)y Still. Wcstrurn, and

Sinke. 1’{

1). ‘l’lIL’I’:l(}m(mts in ‘1’hvl1“St~flill’11 St:ltt’s

“[’h! Ht.:lllll:llul Ht:lll’ for t:llll:llulll :UIII (’:lrl)on w:Ls (’hos~n to k tlw wIII1
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and the standard stale for H and Cl was taken as the ldcal gas at 1 atm. pressure2 2
at all temperatures between 29!3. 15K and 1300K. Thermodynamic functions for the

elements in their standard states have been revicwccl and evaluated by the ,JANAl?

tables12 and by Hultgren et al.”1

m . C alculational Procedure

The complex equilibrium code used in this work was SOLGASMIX-PV. 31 The

the code was Imcd as presented in Iief. 31 but with a modification which permitted

thermodynamic datn to bc Inputcd in units of either Joules or ealnrics. The code as

presented in Hef. 31 was a modification of the corlc SOI,CIASNTTXdeveloper] previously

by Erlksson, ‘S-4T

Tn the th~rmoclynamlc calculations for the Ta-C-Cl-11 system, 19 vapor species

(including Ar) nml s condensed phuscs were consh-lercd. Thcrmmlynamic data USC(I

as Input were the cnthi,lpy of formation, ~H0(298. 191{), and th(! change in the Gibbs
f

free energy function for formation of the gascnus molcculcs or solhl pliascs from the

consl, ituunt {!lcmcnts, -A [(;O(T) - 11°(29S. 151<)] /l’, at tllc tcn~p(~r:~tur(! 01 interc’st.

Accordlllgly, thc tc)tnl GIblM fr~[! energy of till! systx!m W:IH ~illcultit~rl :IS the Gil)l)s

frcv cm’ rgy of fornmt ton using the [!fluation

H()(2!N4.151{))./w +All;(u!)H.lfi K)/T (1}

to I)rup:lrr.! tl](! !nput II:lt:l uro glv~!n h ‘1’:11)11!1 illl(”i

v:l!trL!H ~)f -A (y)(’l’) - Ilo(m, [9K) ] J’r r. II t.lllll l)O1.:lt~II~(lH

,lt OllI(~Imtll~lll l[)f~l~ ]llti!l’V:l!S \V(’1’(’ olJt:I~II(’(1 I),v l)lt[’l”lN)lilklollm

‘1’1111 (’VI) phosv [Il:lgr:ltn ff)r tll~’ ‘1’:1-(!1-11~y~twll wns t!{)rnputmi Iy v:l Iylng tilt’

11/(’1 I’:ltlo ~)i tll~ Input, ~ilFl [It :1 (!(~llHtilllt tl!ll)])(’l”:ll\l1’(!. (’11:111~111~’tll(~ tl’llll K’ I’iltlll’(’ illlll

th(!u rt’p[’;ltillg 11)(’ (’:il(xll!lthm. Sll)}il:ll’ly, tll(’ ‘1’:1-(’-(’l-ll (’VI) ]) I]:IW* IIl:lgl’:1111W:IH

MI IN I) UIIIII id :1 1):1rtk!ul:m tt’r~]l)t’i’:11111’(’ror :1v(mst:lnl v:dmI ~)1’I1,/(’1 I)y V: IIyl IIK thu

‘I’:l.;(’ r:lllo Ill thl’ Input gllH, L’h:IIl@lIK th(’ tl!lll]N’1’;llU 1’(’ :11111’01” tl)(l II ‘(’l I’:ltlo :Ilhl

r(’p’:itln~ Lh(’ [Yd(!ul:ltltmso
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Details concerning t ]C thcrmo-!ynamics of CVIJ phase diagrams and examples of

phase diagrams comput Jd using the SO1.CAShlIX complex equilibrium code have been

previously reported by Spear and co-workers. ‘H+’”

IV. l?xpcrim ~mtal Procedure

Coat ings prepared in this work were dqcwitccl on I+itex-C graphite cloth (Woven

Structures, Inc. , I,OS Angeles, CA) woven from P223 staple yarn. The cloth hwl
-z

an arcal density of f). 024 !; cm . Five to tcn cloths, each apprw<~m,:.tcly 6 cm in

:iianlcler, were supportcrl in t.hc deposition ch:lmbcr of the CV1) apparatus by a

graph M baffle. TWO graphite baffles, used to heat the coating gases to the clcsirccl

deposition temperature, were situated above the cloths and were separated from the

cloths by graphltc spacurso

Depositkm wus carricrl out in an all-metal appnratus at reduced pressure (15 to 25

torr) JO as to enhance vapor phase diffusion of the coating gases into tine interior of

the graphltc yarn strunds and to promote uniform dcpositkm on all the graphite

filumcmts t)f the cloth. The reduced pressure wus uchlcvcd by a N:ISII high spew-l

cuntrlfugal pump using water as the pumping fluhl.

For e,xpcrl ments ~nvolvlng only the rh!pos It Ion of tnntalum trictal, TaC15(g) was

uswl as the coating gas. The TaC’15(g) wus formcrl by dlrcct chlorirwtlon of tantalum

mrtal ut 7001{.” The TuC15 (g) wns miwl with hyrirogcn down strcmm frnm tlw

chlorln:ltor untl then intrwlucml into tllc dupositiun chumtwr. I,’or cxpcrlmcwts

Involvlng coating of thu gruphltc cloth with ‘1’u-L: alloys, propylene, C:lll(; (g), was

ll[kk!lI t~l th~’ hyd NJ~WI. In wmc c!xpcrlmuntH Il(!l(g) WUHuddml to thu hydrogun in

orflvr to prcvl’nt g::H ph:iFIP nucleation rl~m occurlng, A 11g:w flowH wc ru controlled

uHin~ c: Illl)r:It.(vl rh)w contr~~llur~ or flow mct,(’m,

Th(! mc!ul IIvp(mltl(m ch:lmlwr Wil!4 Iwntfml I)y r:l[llutlun from :1 :1(I In. long l,ln(ll]L’rg

(! I :lnl Hhull 1’(’sIHt:ln(’1’fu rnucu wh II!II c’oIA:lIm’d th Ilw Indcpml[lcmll-y c(mtr[~llrtl tf~lll~’1’ilt,llri!

zont’H. ‘l”,VI)(’K t,ll(’1i~~()(’f)U])l L!Fl WL’l”(l IIH(!II till’OU~lloUt” tll(’ H~lltL*lll to III L’:ISUI’1’ illl
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pertincnt temperatures.

Figure 1 shows a schematic diagram of the CVll apparatus. Figwre 2 shows

details of the coating ch:lmbcr.

v. Results of tine Thermodynamic Calculations

A. The Ta-Cl-H System

The computed CVD phase diagram for this three component system butwccn 7001<

and 13001i for 11/Cl ratios in the input gas between O and 18 is shown in Figure 3. The

phase. diag am is dominated by the Ta(s) single phase region above approximately

800K for H/Cl > C and by the TaCl :, 5(s) single phase region below sOOK. For 11/Cl f 6

the minimum temperature at which single phase Ta(s) may be deposited incrcascs as

H/Cl decrea:;es while the maximum tclr, !>f:rnturc at which single phase TaCl
2. 5(s)

deposits decreases as I;/Cl decreases. l’nr H/Cl >6, a very narrow Ta(s) + ‘1’aCl@)

two phase region (i. e. the region in which ‘f ’a(s) and TaCl ~ ~(s) co-deposit) scpnratcs
.

the Ta(s) and TaCl ~, 5(s) SMIC phase rc@ons. For Ii/Cl < 6, a region in which no

solid phase may dcposlt scpur:ltcs the Ta(s) and TaCl

Thus tor H/Cl = 2.5, ‘1’nC!l

z. ~(s) single phase regions.

~. ~(s) dcposlts below 7501< and Ta(s) deposits atmvc

approximately 900K.

Figure 4 shows the calculated equilibrium vnpur composition as u function of Ii/Cl

in the input gas for the Ta-Cl-11 systcm at 10251< and a total wystcrn pressure of (), ();1

utm. The predominant ‘1’u-containing vapor spccics 1s seen tu be TaC14(g). The

va~r pressure of TaC15(g) is about a factor of 10 lower tlmn that for ‘~aCl,l(g) and the

vapor pressure of ‘1’uCl:3(g) is about u f:wtor of 1o() lower tlmn thut for ‘I’iI{;l{l(g). All

other vupnr spccics not shown in the Figure were culculalod tf] huvc equilibrium
-6

pressures tmlow 1 x 10 utm, nt 10MI<.

It is s(!en In ltlgurc 4 tlmt us the I]/Cl rntio in the input g:ls lncr~!nses (10c. NH

more 11 Is mklcd to the input g:ls) the ‘L’n-contulning vupor ~pcclcs (iccrc:~w! in prc!ssurc!.
2

Thl~ Imhnvior must f!orrc!spcm(l to uf’!dltlonnl TN(s) (kposltlon n% tlw 11,/(!l rd,lu incr[ws(w.

This is ~hown in 11’igurc!9 where! tlw :imount of ‘1’:1(s)d(!positl!fl w+ :] fu:wtl(m UC11/(!1 In

thu input gns 1~ shown R~ the mild curve for thruc (Iupos Itkm tumprr:lturc~- IOU51;,
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1125K, md 1225K. The curws fcr 1025K and l125K were computed using a total of O. IS

moles of tantalum in the system while the curve for 1225K was computed using a total

of 0.3 moles of tantalum. The three circles in Figure 5 represent experimental results

of three CVD experiments in which Ta metal was deposited on graphite cloth. These

results and the process parameters for the experiments are summarized in Table 20

A fourth experiment (Expt. 2) listed in Table 2, for which H/Cl = 15. 2,is not shown in

Figure 5. Comparison of the actual amount of Ta(s) deposited on the graphite cloth

in the three CVD experiments with the calculated ma,,imum amount of Ta(s) which

could be deposited under the conditions of the experim ~t gives depsition efficiencies

of 58. 6ffi, 34. 1(1), and 52. 0% at 1025K, 1125K, and 1225K respectively.

B. ‘~he Ta-C-Cl-H

Experimentally,

System.

the only major difference between this four component system and the

‘fh-Cl-H systcm was that propylene, C3H6(g), was ad[lcd to the input gas to provide

a source of carbon. The input gases were mixed in the baffle region of the CVD

apparatus above the deposition chamber at an approximate temperatu rc of 5001{.

If during this mixing the gas achlcvcd thcrmodyrmmic equilibrium, the C:1116(g)

would bc almost completely conveticd to methane. 1?igurc 6 shows the calculot cd

ccluilibrium composition as a function of Ta/C for the input gas at 5001{, P,r= O. 03 iltm. ,

and 11/Cl = 2. As seen in tlw Figure, CT14(g) is the cmly important C- containing vapor

spccics in the cquillhrlum input gas. Also, Tac15(g) is the only important Ta-

containing vapor Spccics in the cquilitmium input g:ls.

Figure ‘i SI1OWSthe C~”lCUlilt(!d cquillbrlum (’VU ph:lSc flhlgram fur the ‘1’:1-C-CI-11

sysl.(!m IXI(W(W!lI7001< :Iml 1225K :Is :1 funrti~m oi T;ll(s In th(’ inl)ut gHH at cmshnl

Vulu(!s Of 11/(:1 : 10. H :111(IlJ,l. (). ():1:ltm. . ‘1’hLI r(!gion of the plmsr dlngmm :dx)v(’ ‘I’:l; (.’.

2.5 \vns not c:llcuIU:C’(1 irl this woIk TIM! (Ilstinknlish ing rd u NW d this ph:lst~

(Ii:lgrtim :lrc thut the ‘I’:lC(s) singl[’ ph:Is(I LTgion is Vc’ry 11:1rLl)\v :Il)ov(” loooli :111[1

Ijro:l(lc!%l OVCr n Wirlo h!nlp(’ I“utulw 1“:1.n~~l! :Is thl’ (Ic’p(h+ition wmp~’r:ltuw (llxIruM~Is, and

th:lt thu ‘I’:l,)( ”(s) Sfngl(’ ph:ls~’ rvgiun is vc’1-yn:lrr(nv :Ilx)vu 12001( ml lJr(xIdcIIH t[wurds
.

‘RI!(’ V:llu(!s gll!:ltl’1” 111[1112 :1~ thl’ Ilq)ositl[)ll t(’nlpl’r:ttur(’ (ICC L’(!:IHCS,
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It should be noted that we assumed TaC(s) to be stoichiometric throughout these

calcul :tions (e. g. the homogeneity range over which TaC exists was ignored).

The effect of taking into account the homogeneity range of TaC would be to broaden

the TaC(s) single phase region of the phase diagram over Ta/C \ alues greater than 1.

17igurc S shows the effect on the phase cliagram of reducing the I{/Cl ratio for the

input gas. The TaC (s) single phase region is seen to broaden towards higher Ta/C

values and the maximum deposition temperature for singlf phase TaC(s) decreases

for Ta/C c 1 and increases for Ta/C >1.

Figures 9 and 10 show the calculated equilibrium gas phase composition for the

Ta-C-Cl-11 system at 12001<, PT = 0.03 atm. for values of Ta/C between 0.1 and 2.5.

Figure 9 is for H/Cl = 19.7 and Figure 10 is for H/Cl =2. In both cases CH4(g) is the

major C-containing molecule above the C +TaC two phase region and its equilibrium

concentration decreases towards the more Ta-rich prtion of the phase diagram.

TaC14(g), TaC13(g) and TaC15(g) arc calculated to be the important ‘ra-containing

gaseous molcculcs and t!leir equilibrium concentrations incrense towarcls the more

Ta-rich portion of the phase diugram, Note also that the vapor composition is fixccl

across the C +TaC, TM2 +Ta2C, and Ta+Ta2C two phase regions; that the equilibrium

vapor pressures for the Ta-containing molecules increase as H/Cl dccrcases;

and that the equilibrium vapor pressures for the C-containing molcculcs descrcasc as

H/Cl clecrcases.

Process parnmctcrs for T:I-C alloy dupositkm un graphltw cloth, observed phnscs.

and phases prcclictc(l to be dcpos It(’(l using the CVI) plmsc diagram in Fibwrc H:Lrc

given h ‘1’ublc :1. The observed phusus wc rc rlcterrn inwl from thc!r X-ray diffrart [on

pnttcrns. T,att I(!c parnmete rs wc rr (!:llculntcrl for tlw T:I(’ plmscfi from th(’ lxlcl,-

rcfl(wt[on 1hw’s of the X-ruy (Ilffr:lction p.lttr rns. ‘1’11(’u)mp{)silion of the ‘[’’1(.”]]ll:ls(Is

ilS rlcrived frOlll the ~:ll~!llllltl!d l:llticr p:lrunlctcrs:’:! \v{lS ‘l’u(i(I ~,, for :111‘L’:1{’-contuinlng
.,4

(Icpwits Invc Htig:ltu(l.

‘1’hc ‘1’uC dcposltwl on th(i gr:lph 11(1clolhs in l’;xpt. :1:1W:IHol)H(~l’vc’11to I)L!:1 l-lnv,

lx)wdcry nl:ltcri:ll ln(llrutin~ tll:lt ~il$! pll:ls(: nu~’lc’:ltlon I):lfl [)ccurc(l (Iul’[ng tlw uxprrim[m.

A(!Corlllllgl,Y, IIC’l(K) w~ls illlll(’11 to tll(’ Illl)llt ~[1+1 ()[ l’:X~)tH. :1s thl’ough 41 in 01’:1(”1’to

(Ieprcss the occurmw UCg:ls ph:lsu nucl(’dion,

l,;xpts. “lo nnf I 41 us(vl IIC’lfg) How r:lt~w which W(>I(*lwlcL’ lhc 11OW r: It(’H USUII h

I’:xpts. 3!4 unrl :1!). As SULIII In T: LI)l(*:], Il(lhllng [ill othl’r pro(w~ss p;l r:tnl(t(’rs const:lnt
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butdoubling the HCl(g) flow rate causes thedepositcd material to chw.ge from Ta2C(s)

to TaC(s).

VI. Discussion

A. The Ta-Cl-H System

The CVD oft antalum metal using TaC15(g) as the reactant gas can take place in a

hydrogen atmosphere at temperatures as low as 775K to HOOKif the “H/Cl ratio in the

input gas is greater than 6. It would appear that co-deposition of Ta(s) and TaCl
2. 5(s)

would be c.xperimentally difficult in view of the very narrow (5° to 10°) temperature

region over which the two phases co-exist.

B.

the

‘rhe m-c-cl-11 Systcm

Process conditions for which a particular Ta -C alloy may deposit as prcrlictcd from

equilibrium CVD phase diagram for the l’a-C-Cl-11 systcm arc not in accord with
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acctylcne, or tolucnc as the reactant gases. ~1 Ambafi~umyan and 13abichJ2 prCpaT’Cd

TuC by thermal dissociation of TaC15(g) on graphite substrates at tcmperatu rcs

bctwrv!n 23231{ and 2H131{and found stoIch iomcti-ic TaC In contact with the graphltc

‘ubstlatc and ‘aCo. 89
on the outer layer of the rlcpcmit. C rayton and Grt dlys o prcp~’.rcd

subm icron ‘MC powder by the vapor phti~e re:lct ion of n}cthmc and TaClp (g) Imtwmn
a

lfi7:H< and 18731{. Takahashl and Sugiyamut’l used an A-C clisch:~rge mcthorl to grow

TaC fibers from TaC15(g) and propylene reactant gwcs at tcmpcraturcs between 52:IK

and !32:11<0Grossklauss and Bunshahss dcposltml l’aC and Tn2C on either :102 stainless

steel or molybdenum substrates between H231{ and 17ii31{ by vaporizing tantalum m::tal

in the presence of acctyl cnco

Hc!ffc man, Ahmatl and I1askell~l: used L:VI) to prepare Tu-C nlloys on a rusistivnly

heated tungsten filament at I073K using ‘f’a(; l.[g)anri methane us rcnctant g:lsw. ‘1’ilc
a

rcsuits of their cxpertmcnts arc summurtzc(l in ‘IMMc 4 nlong witil the ‘R I-C phaw:s

prmllctcrl from the (’V13 pha~c dingram. As can lx! MJCn from the tnidc, the oix+ervml

The results of iicffcrnan , Ahmd ilnd IIuHk(’11 ill(-)ng with the results of the! pIXWLVIt

fil’Htt)I’’i(’l”l’(’:1(’tioll~:iH fo]bWH:

.

(’ii,i.’.*(’2ii,; .4 (“2il.i h(’,,lil) !+(’t ii,, ,
““ .



be rote-controlling above this tcmpcrnturc. The first order rate constant for the ratc-

controlling step. reaction 1, is WC1l cstaklished and iS:s’l-(iO

k, = 10
14. 5H -1

CW(-1O3, omhny scc . (1)

l(lu~tiL)n 1 was useri to Calculate the

and the results were then compard

amount of carl]on formwl at 12251{

with t.hc amount of tantalum mciml deposited in our

cxperlmcnts with the T:I-CI-11 systcm. The results of the calculations showeri that the

f(j)’rni]t]otlof C-rkficicnt ‘~u-C alloys could be qualitatively cxplnined i)y the pyrolysis of

muthune king rate-controlld by reaction 1. ln llght OCthis result, it would be

instruclivr to perform some mporirncnts in which :m :qqmopriatc cntalyst was :iddcci

to LIW‘1’[1-C-f.’l-i1 Inpul gus strc:im or placwl on the grnphitc cloth ~urface t’~ t~y to

cnh:lnw thv carbon deposition rdtc.

Anothrr prol)lcm wh id is not cle:lrly understood is thu strong effect that the

c~mc(Inl’ :ltit)n of [l(”l (:) In the input gus ims on ddxrmining tiw w)mposltion of tht!

‘1’:1-(’ :11l{)y rl{’poHitso ‘1’his Ix’h:lviw m:ty indic:ltu :1 largu local 13ullflup of llCl(g)

:Im{)IIKth(’ l“lk!I’H {)f thr gr:lphitu cloth c:mslng n shift in the mIull Ii)rlurn

Zll,, (g)+ ‘1’W14(g) - ‘l’:I(h) + ‘111(’l(g) to th(? Icft,
.
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Table I. Thermochemical lMta Csed to ~~~ ~Wt for Complex Equilibrium Calculations of the
Ta-Cl-H and Ta-C-Cl-H Systems.

A+(29% 15h?

(kcal mol- $

-[G’’(T) - H“(29S. 15h~/T

( Cal K-l mol-l)

500K 700K 900K 900K 1000K 11OOK l~OOK 1300K

Gasmw
Molecdes:

H9

c12

HC1

TaC1.
a

TaC14

TaC13

T2C12

TaCl

CH4

cJ-i9
--

C2H4

C3%=

C6 ‘6

:C14

C2H6

CH.C1

CH;C19
--

CHC13

33.15

55.64

46.60

106.77

96.99

97.90

69.24

il. 93

30.12

59.33

59.2:

63.55

75.59

33.72

56.33

47.16

109.22

93* 99

39.43

76.40

65.04

43.19

~~. 43

37. ~~

71.09

74.60

31.97

60. S6

60.32

tj9. $i

77.14

34.~~

57.00

47.70

ill. 57

100.90

90.90

‘n. 50

65. Z

49.10

53.46

59.45

72.96

77.29

93.74

6~.4~

61.39

il. 14

73.64

34.76 35.24 35.70

57.62 ~g. ~~ 5s. 7s

43.22 43. n 49. 1s

113.79 115.90 117.90

102.’71 104.43 106.05

92.29 93.60 94.93

79.55 79.54 30.49

66.34 66.94 67.51

50.02 50.92 51.31

54.47 55.43 56.37

59.67 60. !37 62.04

74.91 76.64 79.45

79.93 92.67 !35.SC

95.44 37, 06 39.60

63.96 63.50 67.00

~~.~~ 63.49 64. 5il

i?. 33 73.53 74. 74

so.10 q. 49 ~~. $3

36.13

59.32

49.62

119. ‘i9

107.59

96.03

S1.37

6~. o~

52.69

57mZ’7

63.20

so. ~~

93.05

90.06

6~.49

65.49

75.37

w. 12



Table L Continued

501 id Phases:

Ta

TaCI
5

TaC14

TaC12

Ta,C1.
a

c

TaCl ~
.

TaOC

12.16

65. S2

56.94

45.51

91.90

2.45

13.79

23.23

p.~q

69.76

59.53

4’7.39

95.09

2.74

14.64

26.53

13.10

n. 70

62.15

49.19

39.0.9

3.02

15.46

~i. ~~

13.53

74.64

64. SO

50.79

90.90

3.30

16. ZJ

29.02

13.95

77.59

67.43

52.76

93,.34

3.37

16. !)9

.30. 1(;

14.34

90.52

70.19

54.55

96.00

3.94

17.72

31.25



Table 2. E.xperimmtd I%raL~eters and Restits for the c“\’D of Tantalum Met.aI on Graphite Cloth.

E@.

Ar Ho C12

Moles Ar Moles H “3101es Cl Temp. Comment
Input Gas Input Gas ~

~ 173 1500 99 q. ~ l~o ~ lij~ 16.6 g Ta deposited

15 173 Aop 57 2,1 7.0 12:?5 23.5 g Ta deposited

21 173 65Q 51 L 4 10.4 1(325 13.5 g Ta drpositecl

23 179 651] 6i 1.4 10.6 ~1~~ 10.5 g Ta rkpositcd



Table 3. Summary of Experimental Results for the CVD of Ta-C Alloys on Graphite Cloth.

33 p-7-~ 4.3 0. -i TaC*L TaC+Gas Phase ;Wcleation

3<* 12?5 4.6 0.‘4 TaC+ C Ta9C

399 p~ 95-. 0.4 TaC+C Ta9C

40” ps 9 ->-. - 0.4 TaC + C TaC

41” p: 2.4 0.3 TaC+C TaC



TabIe 4. Summary of Results for the CJ:D of Ta-C Alloys on Tungsten Vire (Heffernan. Ahmad and Haskell)”

Moles Tz’3101es C Phases Predicted Phases Observed
(hqmt Gas)

1.6 TaC. Ta9C Ta2C, trace- Ta

0.4 TaC, C TaC, Ta2C, trace-Ta

0.27 TaC, C TaC, trace-Ta9C

(). ~o TaC, C TaC, trace-Ta9C

0.04 TaC, C TaC

*E.xpe~ments performed at 1373K using HC1 ir the chlorinator and C H4(g) as the carbon source.
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Calculated equilibrium vapor composition for the “1’a-cl-11 systcm.
ilt P,r - 0, WI atm, and T - I025K.

Comparison of muximum amount of tantalum metal capable of bcillg
dcpositicd in the Ta-Cl-11 systcm (sol id curves) witll amounts nctua!ly
fouml depositcrl for three CVII cxpcrimcnts using woven graphite cloth
as a substrutc. P,p =- 0.03 :Itm. T-. 1025K, 11251{, and 12251{.
Open circles rcprckcmt rluta points.

Computed equilibrium vapor composition
uxpcrlmcnts in thu ‘1’a-C-C:l-H systum.
]1,/cl = Z.

of the input ga~ for CVII
!>,, 0, ():] ;Itnl, , T-.5001<.”

I

Computed cquillhriurn C:VI] phase diugram for tlw Ta-C-Cl-11 systcrn.
11/Cl Y:10. S, Ppr T.(). 03 atm,

C’omputc’l equilibrium C’VD ph:mc diagram for the ‘1’a-C-Cl-11 systcm.
1{/Cl -=2, P,r .- (1.():1atm.

Equilibrium vapor compwition for the ‘l’il-C1-[~l-llsystum lit 12001(.

PT := 0.0:1 atm. , I]/Cl ~~10.7.
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]),,, ., 00():] utm. , IIICI = 20
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CH 4 = C(S)WH2
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